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Abstract In this study, we developed and investigated

nanoparticles of biologically-derived, biodegradable poly-

hydroxyalkanoates (PHAs) as carriers of a hydrophobic

photosensitizer, 5,10,15,20-Tetrakis(4-hydroxy-phenyl)-

21H, 23H-porphine (pTHPP) for photodynamic therapy

(PDT). Three PHA variants; polyhydroxybutyrate,

poly(hydroxybutyrate-co-hydroxyvalerate) or P(HB-HV)

with 12 and 50 % HV were used to formulate pTHPP-

loaded PHA nanoparticles by an emulsification-diffusion

method, where we compared two different poly(vinyl

alcohol) (PVA) stabilizers. The nanoparticles exhibited

nano-scale spherical morphology under TEM and hydro-

dynamic diameters ranging from 169.0 to 211.2 nm with

narrow size distribution. The amount of drug loaded and

the drug entrapment efficiency were also investigated. The

in vitro photocytotoxicity was evaluated using human

colon adenocarcinoma cell line HT-29 and revealed time

and concentration dependent cell death, consistent with a

gradual release pattern of pTHPP over 24 h. This study is

the first demonstration using bacterially derived P(HB-HV)

copolymers for nanoparticle delivery of a hydrophobic

photosensitizer drug and their potential application in PDT.

1 Introduction

Photodynamic therapy (PDT) is an attractive and selective

cancer treatment modality that is increasingly being rec-

ognized as an alternative to other conventional cancer

treatments [1, 2]. Moreover, it does not require a long-term

stay in hospital in contrast to weeks and months of surgery

or chemotherapy [3, 4]. PDT is based on the combination

of photosensitizer (PS), light, and tissue oxygen that can

destroy abnormal tissue lesions without minimal damage to

surrounding healthy tissues [5–7]. Upon local irradiation

with a suitable wavelength of light, PS molecules accu-

mulated in cells can undergo photo-excitation and transfer

energy to molecular oxygen. This transfer leads to the

production of reactive oxygen species (ROS), which can

cause irreversible damage and ultimately cell death in the

treated tissues [8, 9].

Although PDT has been established as a promising

treatment for certain kinds of cancers, there are still some

issues, especially with certain hydrophobic PS compounds,

such as hematoporphyrin derivatives (i.e., Photofrin�), due

to their poor water solubility [3]. Such PSs can easily

aggregate in aqueous media, resulting in the impediment of

their parenteral administration and the reduction of pho-

toexcitation efficiency [10–12]. However, the hydropho-

bicity of the PS molecule is also an important property that

can facilitate localization to cellular membranes, including
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mitochondrial membranes [13]. One approach to solve the

PS solubility issue, improve blood circulation and reduce

the systemic dose is to formulate the PS into polymeric

nanoparticles (NPs) [14]. The accumulation of non-tar-

geted NPs in tumors is mainly attributed to the enhanced

permeation and retention effect (EPR) of vascular and

lymphatic drainage [15, 16]. Studies show that NPs with

size smaller than 200 nm could offer effective PDT by

improving EPR and reducing uptake by phagocytic cells

[17]. Several biocompatible and biodegradable aliphatic

polyesters, such as poly(lactic acid) (PLA), poly(lactide-

co-glycolide) (PLGA) and polycaprolactone (PCL) have

already been investigated for PS formulation and admin-

istration [18–20].

Polyhydroxyalkanoates (PHAs) is another interesting

polyester system with great potential application in the

biomedical field that has gained increasing attention over

the last decade. PHAs are natural aliphatic polyesters

accumulated as inclusion bodies in various bacteria and

used as carbon and energy storage deposits under unfa-

vorable growth condition [21, 22]. Bacterial PHAs are

biodegradable with excellent biocompatibility, and often

produced at high molecular weight (i.e., 105–106 g/mol)

with low polydispersity index. In addition, they can be

produced with different side chain compositions, making

the PHA family useful in a wide range of applications [23].

Polyhydroxybutyrate or PHB is the most common type of

PHA homopolymer and is relatively stiff and brittle.

Incorporation of hydroxyvalerate (HV) monomers together

with hydroxybutyrate (HB) to form a copolymer known as

poly(hydroxybutyrate-co-hydroxyvalerate) or P(HB-HV)

(Fig. 1a) can modify the PHA properties by reducing

brittleness and melting temperature, while increasing the

degradation rate [24]. Both PHB and P(HB-HV) have been

successfully demonstrated for preparation of NPs that

encapsulate and offer controlled release of various drugs

[25–30].

Here, we prepare and characterize polymeric NPs of

naturally derived PHAs and investigate their ability to

encapsulate PS for PDT. We use the second generation PS,

5,10,15,20-Tetrakis(4-hydroxy-phenyl)-21H, 23H-porphine

(pTHPP, Fig. 1b), which has demonstrated good potency to

kill various tumors and is a good hydrophobic drug model

for polymeric encapsulation studies [31, 32]. It has an

absorption peak at 653 nm (Fig. 1c), which falls within the

‘‘therapeutic window’’ for improved tissue penetration [33–

36]. Three naturally derived PHAs; PHB, P(HB-12HV) and

P(HB-50HV) were investigated in this study, where P(HB-

50HV) was prepared by bacterial cultivation ‘‘in house’’. A

modified emulsification-diffusion method with poly(vinyl

alcohol) (PVA) as a stabilizer was used, where experi-

mental conditions were tuned to yield sub-200 nm PHA

NPs loaded with pTHPP. The NPs were characterized and

compared with respect to size, drug loading, drug entrap-

ment efficiency and drug release profile. The photocyto-

toxic effects of pTHPP-loaded NPs were also evaluated

using HT-29 colon cancer cells. The results suggest the

potential application of P(HB-HV) copolymer produced

from bacteria as a novel NP delivery system of

hydrophobic PSs in PDT for the treatment of cancers.

Fig. 1 a Chemical structure of poly(hydroxybutyrate-co-hydroxy-

valerate) or P(HBx - HVy) and
1H-NMR spectrum of P(HB-50HV),

where (b) and (s) stand for backbone and side chain, respectively.

b Structural formula of 5,10,15,20-Tetrakis(4-hydroxy-phenyl)-21H,

23H-porphine (pTHPP). c Absorption spectrum of pTHPP dissolved

in THF showing the characteristic of Soret peak at 422 nm. The insert

shows the Q bands at 518, 554, 594 and 653 nm
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2 Materials and methods

2.1 Materials

Naturally derived polyhydroxybutyrate (PHB) (Mw = 3.50

9 105 g/mol), poly(hydroxybutyrate-co-hydroxyvalerate)

with HV content 12 wt% P(HB-12HV) (Mw = 2.50 9 105

g/mol), PVA 87–89 % hydrolyzed including low Mw PVA

(Mw = 13,000–23,000 g/mol) and high Mw PVA

(Mw = 30,000–70,000 g/mol), thiazolyl blue tetrazolium

bromide (MTT) and 5,10,15,20-tetrakis(4-hydroxy-phe-

nyl)-21H, 23H-porphine (pTHPP), were obtained from

Sigma-Aldrich (St. Louis, MO, USA). Chloroform, ethanol

and tetrahydrofuran (THF) were purchased from RCI

Labscan (Bangkok, Thailand). Dulbecco’s Modified

Eagle’s Medium (DMEM), antibiotic–antimycotic solution

and Fetal Bovine Serum (FBS) were supplied by

Gibco (Grand Island, NY, USA). All other chemicals and

solvents were of analytical grade and used without further

purification. Milli-Q ultrapure water was used in all

experiments.

2.2 Production and characterization of P(HB-50HV)

In this study, Cupriavidus necator H16 was used for

polymer synthesis by two-stage cultivation according to a

previously described protocol [37]. Sodium valerate was

added to mineral salts medium as a carbon substrate in

order to promote the biosynthesis of P(HB-50HV) [38].

Polymer-accumulating cells were centrifuged and washed

twice with PBS and subsequently lyophilized for 24 h

(Freeze zone plus 6, Labconco, USA). The methanolysis in

chloroform of the lyophilized cells in the presence of 85 %

(v/v) methanol, 15 % (v/v) sulfuric acid was carried out

[39] prior to determining polymer composition through gas

chromatography analysis (Model 6890 plus, Agilent

Technology, USA) equipped with HP-INNOWAX 30.0 m,

0.25 mm, 0.25 lm capillary columns and flame deioniza-

tion detector). To purify P(HB-50HV) copolymer, an

established solvent extraction process was used following a

previously described method [40]. In brief, a cell-chloro-

form mixture was refluxed for 24 h at 60 �C while stirring

to extract the polymer. Next, the cell-chloroform mixture

was filtered through a Whatman No. 1 paper to remove

cellular debris. The polymer was precipitated with a ten-

fold volume of cold methanol. The % purity and the

composition of the %HV monomer content of the purified

polymer were also re-confirmed with 1H-NMR (Bruker

Avance-500 MHz spectrometer, Bruker, Germany). The

Mw of P(HB-50HV) was determined to be 1.69 9 106

g/mol.

2.3 Preparation of pTHPP-loaded PHAnanoparticles

In this study, NPs of three different PHA polymers; PHB,

P(HB-12HV) and P(HB-50HV) and two types of PVA; low

Mw PVA [41] and high Mw PVA [36, 42] were prepared

using a modified emulsification-diffusion method [43, 44].

Briefly, PHA was dissolved in chloroform as a stock

solution at 1 g/L. Next, the organic phase was prepared by

blending the polymer stock solution with ethanol at 1:1 (v/v)

to obtain a final volume of 3 mL. The PHA mixture was

slowly added to 27 mL of an aqueous solution of 0.5 %

w/v PVA under continuous stirring. To form NPs, this

solution was subsequently ultrasonicated at 50 % power for

8 min using a titanium flat tip sonicator DT 2200 (Bandelin

Sonopuls, Germany). Finally, 30 mL of water was added to

the NP solution and continuously stirred at 500 rpm for

24 h to allow for organic solvent evaporation. To prepare

pTHPP-loaded NPs, 0.75, 1.5 and 3 mg of pTHPP (i.e.,

corresponding to 5, 10 and 20 % theoretical drug loading,

respectively) were dissolved in 50 lL THF and added to

the organic phase prior to emulsification. All solutions

were kept and protected from light during the preparation

process. After solvent evaporation, the PHA NPs were

filtered through a 0.45 lm syringe-filter prior to particle

characterization and evaluation of photocytotoxicity.

2.4 Particle size analysis and zeta potential

measurement

The mean size and polydispersity index (PDI) of all PHA

NPs were measured after appropriate dilution in water to

enable measurement using a Zetasizer dynamic light scat-

tering (DLS) instrument (Nano ZS, Malvern instruments,

UK), equipped with a He–Ne laser (k = 633 nm) at a

scattering angle of 173�. All size measurements were

performed by collecting data over 15 runs at 10 s. The zeta

potential (averaged over 100 sub-runs) was determined for

PHA NPs after dilution in 0.1 M sodium acetate. All

reported size and zeta potential values are averages from

triplicate measurements.

2.5 Determination of drug loading and entrapment

efficiency

Filtered drug-loaded NPs were collected from a 50 mL

solution by centrifugation. The obtained pellet was washed

twice with 0.25 % (w/v) PVA solution, followed by one

wash with water. Freeze-drying of NPs was carried out

without addition of any lyoprotectant. The freeze-dried

samples were weighed and stored at 4 �C (in the dark)

before performing drug loading analysis. To calculate %
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drug loading, a known mass of freeze-dried pTHPP-loaded

PHA NPs was added to 1 mL THF and continuously stirred

until completely dissolved. The concentration of pTHPP in

the solution was measured at 422 nm using a spectropho-

tometer (Helios alpha, England), and compared to a stan-

dard curve of pTHPP dissolved in THF. The % drug

loading and % entrapment efficiency in PHA NPs was

determined according to following equations.

% Drug loading ¼ Mass of photosensitizer in nanoparticles

Mass of nanoparticles
� 100

% Entrapment efficiency

¼ Actual drug loading in nanoparticles

Theoretical drug loading in nanoparticles
� 100

All extractions and measurements were performed in

triplicate.

2.6 Transmission electron microscopy (TEM)

The morphology of pTHPP-loaded PHA NPs was observed

by transmission electron microscopy imaging. For sample

preparation, a few microliters of NP solution was added

onto a 300-mesh carbon coated copper grid and allowed to

air-dry. Next, the samples were negatively stained using

1.5 % phosphotungstic acid (PTA). The excess solution

was blotted off using a filter paper. After additional air-

drying, the NPs were visualized using a JEOL JEM-200CX

transmission electron microscope (JEOL Ltd., Tokyo,

Japan).

2.7 Drug release studies

The pTHPP release profile from PHA NPs was evaluated

at physiological condition using a phosphate buffer saline

(PBS) release medium containing 50 mg/mL bovine

serum albumin (BSA) to enhance drug solubility. For

comparison, an equivalent concentration of free pTHPP

(50 lg/mL) was dispersed directly in 1 mL of the release

medium. All solutions were protected from light and kept

in a water bath under continuous shaking at 100 rpm and

37 �C. In vitro drug release was evaluated at fix time

intervals (0, 1, 3, 8 and 24 h). Samples were taken from

the water bath, centrifuged at 12,500 rpm for 15 min,

where the amount of drug released into supernatant was

measured spectrophotometrically at 422 nm. The amount

of pTHPP released from each sample was calculated using

a standard curve of pTHPP in PBS with dissolved BSA.

All drug release experiments were carried out in triplicate.

The data of in vitro release obtained were plotted as

percentage cumulative of drug released over time.

2.8 Analysis of in vitro photocytotoxicity

The photocytotoxic effect of pTHPP-loaded PHA NPs was

evaluated using human colon adenocarcinoma HT-29 cells.

Typically, a monolayer culture of human colon adenocar-

cinoma cell line HT-29 was grown in DMEM supple-

mented with 10 % (v/v) FBS, 100 U/mL penicillin,

100 lg/mL streptomycin and 250 ng/mL amphotericin B

under humidified atmosphere with 5 % (v/v) CO2 at 37 �C.
Stock solutions of free pTHPP were prepared by first dis-

solving pTHPP in DMSO, followed by serial dilution using

cell culture medium. The final DMSO concentration in all

treatments of free pTHPP was kept at 0.2 %, which is

considered to be non-toxic level to cells [45]. Briefly, 100

lL aliquot of 1 9 104 cells of HT-29 cells in culture

medium was seeded into each well of a 96-well clear

bottom black plate. The plate was incubated under 5 %

CO2 atmosphere for 24 h at 37 �C to allow the cells to

attach to the bottom of wells. Then, 100 lL of free pTHPP

and pTHPP-loaded NPs were subsequently added to the

medium in order to obtain final drug concentrations of 2, 4,

and 8 lg/mL, respectively, and further incubated at 37 �C
for different incubation time ranging from 1 to 24 h prior to

light exposure. After the allotted incubation time, the cul-

ture plate was washed once with serum-free DMEM and

100 lL of fresh culture medium without the test samples

was added into each well. Subsequently, the cells were

exposed to red light for 12 min 45 s using a LED lamp

(Acnelamp, Dima-Tech, Inc., USA) with a peak wave-

length 653 nm. The specific light dose corresponds to 6

J/cm2. After exposure, the cells were incubated for an

additional 24 h. Lastly, the viability of treated HT-29 cells

was determined by using a standard cell viability assay

(MTT assay) in order to measure the number of viable cells

following a previously described protocol elsewhere [46].

In brief, the culture medium in each sample well was

replaced with 100 lL of fresh culture medium containing

0.5 mg/mL MTT and incubated for 2 h. Subsequently, the

MTT solution was replaced with 100 lL DMSO, followed

by spectrophotometric measurement at 550 nm with a

background subtraction at 650 nm using a microplate

reader. The % cell viability from each condition was cal-

culated and used to assess the cell activities comparing

with the non-treated cells. An identical set of samples not

exposed to light were also used as dark controls.

2.9 Statistical analysis

The data were subjected to a statistical analysis using SPSS

17.0 software package for windows. Statistical differences

were evaluated using a one-way ANOVA with student’s

t test. Significant differences were considered at a level of

P B 0.05.
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3 Results and discussion

3.1 Preparation of PHA nanoparticles

To facilitate intravenous administration of polymeric NPs

for drug delivery in cancers, the NP diameter should be

around 200 nm or less. This size range has been suggested

as an ideal NP size to facilitate prolonged circulation with

reduced mononuclear phagocyte system clearance and

accumulation in spleen or other organs [47]. The size of

NPs can be manipulated by modulating polymer compo-

sition, polymer molecular weight, choice of particle sta-

bilizer, solvent diffusion time, and also the presence of a

surface tension reducer such as ethanol in the organic phase

[48, 49]. Here, we prepared our pTHPP-loaded PHA NPs

using an emulsification-diffusion method and tested two

different PVA stabilizers. This process led to NPs having a

hydrophilic PVA shell with the pTHPP molecules entrap-

ped inside the hydrophobic PHA core.

3.2 Characterization of non-drug loaded PHA

nanoparticles

In order to evaluate the influence of HV monomer com-

position and influence of different Mw PVA stabilizers (i.e.,

low vs. high Mw) on the size of our NPs, we prepared

formulations of each PHAs and PVA, respectively.

The particle sizes, as measured by DLS, are summarized

in Table 1, where all particles were in the range of

157.1–198.5 nm with PDI lower than 0.2. When prepared

with low Mw PVA, P(HB-HV) copolymer NPs (i.e., P(HB-

12HV) and P(HB-50HV)) had a larger mean size compared

to the NPs made from homopolymer PHB with statistically

significant at P B 0.05. On the contrary, this phenomenon

was not observed when using high Mw PVA. The slightly

larger size of the P(HB-HV) NPs seen in the low Mw PVA

system might be due to the bulkier side chain of the HV

monomer that would pack less densely than the PHB

homopolymer. The phenomenon is not seen for high Mw

PVA, and could be due to different packing arrangement of

the stabilizer, which might hide the subtle effect of core

packing. In general, the high Mw PVA system yielded

larger diameter NPs for each individual PHA system,

compared to when prepared with the low Mw PVA. These

findings are in accordance with a study performed by

Shaffie et al. [50] showing that higher Mw of PVA stabi-

lizer could lead to an increase of polymer particle size.

3.3 Characterization of pTHPP-loaded PHA

nanoparticles

For NPs prepared using low Mw PVA stabilizer, adding

more pTHPP to the formulation in general increased the

particle size (P B 0.05). The average diameter was about

169.0–211.2 nm. Table 1 shows trends that the particle

size could be influenced by factors such as %HV monomer

in the polymer chain, and the amount of pTHPP encapsu-

lated. The pTHPP:PHB:low sample was the only one sig-

nificantly different (P B 0.05) compared to pTHPP:P(HB-

12HV):low and pTHPP:P(HB-50HV):low even at rela-

tively high pTHPP loading (i.e., 20 % theoretical drug

loading). For the pTHPP-loaded PHA NPs prepared using

high Mw PVA as a stabilizer, all sizes fall within a range of

185.8–208.3 nm. There was no statistical difference

between the particle size at 5 % theoretical drug loading,

while at 10 and 20 % theoretical drug loading, the observed

Table 1 Characterization of pTHPP-loaded PHA nanoparticles. (Mean ± SD, n = 3 for particle size and mean, n = 2 for zeta potential)

Type of

PVA

Theoretical drug

loading (%)

PHB P(HB-12HV) P(HB-50HV)

Particle size (nm) Zeta potential

(mV)

Particle size

(nm)

Zeta potential

(mV)

Particle size (nm) Zeta potential

(mV)

Low Mw 0 157.1 ± 4.4A/a N/A 164.0 ± 2.4A/b N/A 182.6 ± 7.7A/c N/A

5 169.0 ± 7.3B/a -0.8 192.4 ± 2.1B/b -0.8 196.3 ± 6.4B/b -1.5

10 178.0 ± 7.0C/a -1.1 191.5 ± 5.8B/b -1.0 191.5 ± 11.0A,B/b -1.2

20 182.2 ± 3.1C/a -1.4 206.1 ± 3.0C/b -1.2 211.2 ± 8.1C/b -0.9

High Mw 0 191.7 ± 15.0A,B/a N/A 198.1 ± 8.8A/a N/A 198.5 ± 12.8A/a N/A

5 197.6 ± 2.7B/a -1.0 198.0 ± 3.0A/a -0.8 201.9 ± 6.3A/a -0.7

10 208.3 ± 3.1C/b -2.1 198.2 ± 3.4A/a -1.0 199.7 ± 5.9A/a -1.1

20 185.8 ± 2.5A/a -1.6 199.3 ± 7.2A/b -1.4 203.2 ± 9.9A/b -0.6

Mean with different superscript letters (capital letters) within the same column of each PVA type are the effect of % theoretical drug loading for

each polymer type on size of nanoparticles that are significantly different at P B 0.05

Mean with different superscript letters (small letters) within the same row of each PVA type are the effect of polymer types at each % theoretical

drug loading on size of nanoparticles that are significantly different at P B 0.05

N/A Not applicable
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smaller size of pTHPP:PHB:high was significantly differ-

ent from those of the HV copolymer systems (P B 0.05).

Figure 2 shows a representative TEM micrograph of one of

NP preparations.

All formulations of pTHPP-loaded NPs exhibited rela-

tively low zeta-potential values ranging from -0.7 to

-2.1 mV. No correlation between zeta potential values and

monomer composition of PHAs were observed. A negative

zeta potential value is expected due to the presence of

carboxylic end groups from PHA polymers [51]. The rel-

atively low values observed could be due to a shielding

effect of surface charge by the PVA layer [52]. Another

possibility might be due to the adsorption of hydrophobic

drug onto the surface of the NPs, which could also shield

the carboxylic end groups [53].

3.4 Characterization of drug loading

and encapsulation efficiency

The drug loading and entrapment efficiency is an important

aspect of NP drug formulation. To evaluate the amount of

drug that could be incorporated into the NP system, we

varied the theoretical loading amount of pTHPP in the

formulation from 5 to 20 % (w/w).

When low Mw PVA was used as stabilizer, the % drug

loading increased with increasing % theoretical loading

(i.e., 5 to 20 %) for each formulation (i.e., 1.26 to 6.83,

1.53 to 9.33 and 1.11 to 8.67 % for pTHPP:PHB:low,

pTHPP:P(HB-12HV):low and pTHPP:P(HB-50HV):low,

respectively) with an corresponding increase in % entrap-

ment efficiency (Table 2). The highest % drug loading and

% entrapment efficiency were observed when using 20 %

theoretical drug loading formulation. Likewise, for high

Mw PVA, the % drug loading of pTHPP:PHB:high,

pTHPP:P(HB-12HV):high and pTHPP:P(HB-50HV):high

were found to be increased from 0.91 to 4.80, 1.49 to 6.78

and 1.22 to 5.24 %, respectively. The drug loading

increased as more drug were added to the formulations,

albeit the incorporation of drug was less when compared

to the low Mw PVA system. However, the % entrap-

ment efficiency for pTHPP:P(HB-12HV):high and

pTHPP:P(HB-50HV):high were maximized (i.e., 41.04 and

41.71, respectively) when 10 % theoretical drug loading

was used (Table 2). Overall, for both PVA systems, P(HB-

HV) copolymers tend to produce sub-200 nm NPs with

higher % drug loading and % entrapment efficiency com-

pared to the PHB homopolymer. This might be due to the

fact that P(HB-HV) generally have more amorphous (i.e.,

less crystalline) structure than PHB because of the presence

of ethyl side chain (i.e., HV portion), thus allowing the

polymer chains to be loosely packed and able to entrap

more hydrophobic drug molecules [54, 55]. In this study,

we observed similar behavior of both the P(HB-12HV) and

the P(HB-50HV) copolymer systems.

Besides the effect of HV, when comparing between the

effect of low Mw and high Mw PVA systems at 20 %

theoretical drug loading, % entrapment efficiency of NPs

made with the low Mw PVA was found to be higher for

each PHA type (P B 0.05), suggesting that using the low

Mw PVA as NP stabilizer would facilitate the entrapment

of pTHPP drugs within the PHA NPs better than the high

Mw PVA. Investigation of this behavior was beyond the

scope of this study and additional experiments are needed

to further elucidate the effect of PVA stabilizer on the NP

formation and drug loading. Nonetheless, there was an

earlier study reporting the effect of PVA Mw on NP load-

ing, in which they found that the optimal PLGA NPs loa-

ded with plasmid DNA had higher % DNA loading when

the lower Mw PVA was used [56].

3.5 Drug release characteristics

To characterize the drug release and PDT characteristics of

PHA NPs, we choose to use the NP formulations with

10 % (w/w) theoretical drug loading for both PVA systems

as they had similar % drug loading. Measurements to

obtain the release profile of pTHPP-loaded NPs were per-

formed over 24 h in PBS buffer pH 7.4 at 37 �C. To

improve the solubility of the released pTHPP, BSA was

added to the releasing medium since it is an abundant

plasma protein that binds non-specifically to many

hydrophobic molecules [57]. The release profiles of pTHPP

from various PHA NP formulations showed similar pat-

terns (Fig. 3). During the first 3 h, a relatively fast release

of pTHPP was found with a cumulative release around

60 %, followed by a slow release phase until reachingFig. 2 TEM image of pTHPP:P(HB-50HV):low
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nearly 100 % after 24 h. The early release data was fitted

to the Korsmeyer–Peppas model using non-linear regres-

sion fitting (Graph Prism Plus 4.0);

F ¼ Ktn:

where F is the amount of drug released in time t, K is

release rate constant, n is the release exponent which is

characteristic of the release mechanism and t is the time in

hours [58–60]. The release exponents and goodness of fit

(R2) values is shown in Table 3. Values of n,

0.43\ n\ 0.85, indicate anomalous transport (relax-

ational and diffusional drug transport). In our case, all drug

release profiles show values of n\ 0.43, indicating a dif-

fusion-based drug release. No influence of either polymer

compositions or types of PVA stabilizer on the release

profile of pTHPP-loaded NPs could be observed.

3.6 Photocytotoxicity of free pTHPP

Firstly, we evaluated free pTHPP in solution as a photo-

cytotoxic agent for in vitro killing of cancer cells. The HT-

29 cells were treated with 8 lg/mL free pTHPP at different

incubation times (1, 3, 6, 12 and 24 h), then pTHPP was

removed, new media added, with subsequent irradiation of

the cells with 6 J/cm2 of red light. The dark cytotoxicity

(no light) and photocytotoxicity (light irradiation) were

evaluated by MTT test at 24 h post irradiation. It should be

noted that the light irradiation alone did not cause a sig-

nificant reduction in percentage of cell viability under all

experimental conditions used (Data not shown).

As shown in Fig. 4, pTHPP with light irradiation could

lead to about 40 % cell death after incubation for 1 h,

whereas more than 90 % cell death was observed after 6 h

incubation. These results indicate a significant accumula-

tion of pTHPP within the cells after 1–3 h. In contrast,

\10 % cell death was observed in the dark controls up to

6 h. However, after 24 h incubation, the dark cytotoxicity

could cause cell death up to 40 %, a value similar to a

previous report [61].

Fig. 3 Drug release profiles of pTHPP from PHA nanoparticles in

PBS (pH 7.4 containing BSA) at 37 �C. Values represent mean ± SD

of three batches (Some data points had a small standard deviation and

theses error bars were not included in the graph)

Table 3 Values of n and, R2 obtained from fitting data to the

Korsmeyer–Peppas model

Formulations R2 n

pTHPP:PHB:low 0.98 0.32

pTHPP:P(HB-12HV):low 0.98 0.22

pTHPP:P(HB-50HV):low 0.96 0.34

pTHPP:PHB:high 0.99 0.33

pTHPP:P(HB-12HV):high 0.98 0.23

pTHPP:P(HB-50HV):high 0.99 0.26

Table 2 Effect of the theoretical drug loading on the drug loading and entrapment efficiency of pTHPP-loaded PHA nanoparticles.

(Mean ± SD, n = 3)

Type of

PVA

Theoretical drug

loading (%)

PHB P(HB-12HV) P(HB-50HV)

Drug loading

(%)

Entrapment

efficiency (%)

Drug loading

(%)

Entrapment

efficiency (%)

Drug loading

(%)

Entrapment

efficiency (%)

Low

Mw

5 1.26 ± 0.03A/a,b 25.16 ± 0.61A/a,b 1.53 ± 0.04A/b 30.53 ± 0.85A/b 1.11 ± 0.19A/ac 22.17 ± 3.73A/a

10 3.99 ± 0.03A,B/b 39.91 ± 0.31B/b 3.95 ± 0.05B/b 39.48 ± 0.50B/b 2.50 ± 0.82B/a 29.57 ± 1.07B/a

20 6.83 ± 2.02B/a 40.87 ± 1.75B/a* 9.33 ± 0.51C/a* 46.64 ± 2.57C/a* 8.67 ± 0.21C/a* 43.33 ± 1.07C/a*

High

Mw

5 0.91 ± 0.01A/a 18.16 ± 0.29A/a 1.49 ± 0.10A/c 29.89 ± 1.94A/c 1.22 ± 0.04A/b 24.49 ± 0.73A/b

10 2.34 ± 0.50B/a 23.44 ± 4.96A/a 4.10 ± 1.18B/b 41.05 ± 11.78A/b 4.17 ± 0.45B/b 41.71 ± 4.53B/b

20 4.80 ± 0.20C/a 24.00 ± 1.01A/a* 6.78 ± 0.55C/b* 33.91 ± 2.74A/b* 5.24 ± 0.39C/a* 26.22 ± 1.94A/a*

Mean with different superscript letters (capital letters) within the same column of each PVA type are the effect of % theoretical drug loading for

each polymer type on drug loading and entrapment efficiency of nanoparticle formulations that are significantly different at P B 0.05

Mean with different superscript letters (small letters) within the same row of each PVA type are the effect of polymer types at each % theoretical

drug loading on drug loading and entrapment efficiency of nanoparticle formulations that are significantly different at P B 0.05

* Indicates the data is significantly different at P B 0.05
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3.7 Photocytotoxicity of pTHPP-loaded PHA

nanoparticles

According to the drug release profiles, the pTHPP released

from six different NP formulations did not show any sig-

nificant differences. So, considering the potential for higher

drug loading in the P(HB-HV) copolymer systems, we

decided to focus on P(HB-HV) NP formulations prepared

from both PVA systems in order to compare between the

commercially available copolymer; P(HB-12HV), and one

that we prepared ‘‘in house’’; P(HB-50HV), for further

evaluation of in vitro photocytotoxicity.

The in vitro photocytotoxicity of pTHPP-loaded NPs

against HT-29 colon cancer cells was evaluated by treating

the cells with different formulations of drug-loaded NPs at

increasing pTHPP concentration (equivalent to 2, 4 and

8 lg/mL) and incubation times (1, 3, 6, 12 and 24 h) before

light irradiation.

After irradiation at a dose of 6 J/cm2, the increase in %

cell death induced by pTHPP-loaded NPs was found to be

time- and concentration-dependent, and a similar pattern of

cell death was observed in all the formulations tested

(Fig. 5a–d). The photocytotoxicity of all formulations

gradually increased as the incubation time increased. These

results correlate well with the release profile of pTHPP

(Fig. 3). The highest photocytotoxic effect of all the test

formulations, resulting in 93–94 % cell death, was

observed at 8 lg/mL equivalent pTHPP concentration and

after 24 h incubation before light irradiation. The delayed

photocytotoxicity of pTHPP-loaded NPs compared with

free pTHPP could be explained by the difference between

passive diffusion of free pTHPP aided by adding DMSO,

and the requirement for cellular uptake process of NPs that

Fig. 4 Percentage of cell viability of HT-29 cells treated with free

pTHPP at 8 lg/mL for 1–24 h, with or without 6 J/cm2 light

irradiation. MTT assay was performed at 24 h after light irradiation.

Values represent mean ± SD of three independent sets of

experiments

Fig. 5 Percentage of cell viability of HT-29 cells treated with various

formulations of pTHPP-loaded PHA nanoparticles; a pTHPP:P(HB-

12HV):low, b pTHPP:P(HB-50HV):low, c pTHPP:P(HB-12HV):high
and d pTHPP:P(HB-50HV):high, at equivalent drug dose of 2, 4 and

8 lg/mL. Cells were incubated the pTHPP-loaded nanoparticles for

1–24 h before light irradiation. MTT assay was performed at 24 h

after light irradiation at a dose of 6 J/cm2. Values represent

mean ± SD of three independent sets of experiments
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requires time to allow degradation of polymers for releas-

ing the loaded pTHPP into cytoplasm. Previous studies also

demonstrated the delayed cytotoxicity of drug-loaded NPs,

particularly made with PHA polymers, compared with the

free drug. For instance, death of HeLa cells treated with

free doxorubicin were observed at 24 h, while the com-

parable cytotoxicity of doxorubicin encapsulated in the

P(HB-6.5HV) particles was found at 72 h [62]. Similarly, a

2 day delay of cytotoxic effect of paclitaxel-containing

P(HB-12HV) NPs (1 lM paclitaxel) was observed in Ish-

ikawa cells to free drug [36].

Interestingly, there might be a difference in terms of the

delayed cytotoxic effect in PHA drug delivery system

when compared to PLGA polymer system. While our PHA

NPs show a delayed effect, the previously study reported

that pTHPP-loaded PLGA NPs required relatively short

incubation time (i.e., 30–60 min) to induce satisfactory

photodynamic damage on EMT-6 tumor cells [63]. One

possible explanation can be the slower in vitro degradation

of our PHAs over the PLGA polymer systems that might be

due to the molecular weight differences [64, 65]. The

molecular weight of the PHAs used here (i.e., 105–106

g/mol) is higher than other aliphatic polyesters, such as

PLGA or PLA (i.e., 103–104 g/mol), which are often used

to prepare drug-loaded NPs with faster release rates [66,

67]. Still, the delayed PDT effect of PHA NP system might

offer an advantage for using the NPs in vivo, since they

might prevent too early release and subsequent degrada-

tion/clearance of the anti-cancer drug before reaching the

tumor sites, thus preventing the drug from interacting with

normal tissues, and reducing systemic side effects.

4 Conclusion

Here, we successfully formulated and characterized dif-

ferent PHA polymeric NPs for delivery of a hydrophobic

PS, pTHPP for PDT. A modified emulsification-solvent

diffusion method was employed to prepare pTHPP-loaded

PHA NPs in the range of 169.0–211.2 nm with different %

drug loading. An effect of HV monomer content on the

mean particle size and drug loading could be observed,

however only when formulated with low Mw PVA. The

release profiles of PHA NPs were evaluated using the

Korsmeyer–Peppas model and found to follow diffusion-

based drug release. The pTHPP-loaded PHA NPs showed

high photocytotoxicity against HT-29 cancer cells, espe-

cially after longer incubation time (i.e., 24 h). Our results

show PHA NPs as promising vehicles for delivery of

hydrophobic PS drugs with potential application in PDT.
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